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NOMENCLATURE 

heat capacity of j th region 

tempera ture  of j th  region 

tempera ture  of kth region 

derivative of T. with r e spec t  to t ime)  

over-al l  conduction coefficient between regions k and j 

J 

over-al l  radiant coefficient for net radiative t r ans fe r  f r o m  
region k to j 

in ternal  power diss ipat ionin the j th region 

. 

effective a r e a  of sur face  j to sun 

total apes of sur face  j radiating to space 

inf ra red  emissivi ty  of sur face  j 

absorptivity of sur face  j with r e spec t  to so la r  insolation 

solar  constant 

Stefan- Boltzmann constant 

c lass ica l  geometry  factor  for  net radiation exchange based  on 
L a m b e r t ' s  cosine l aw for diffuse radiat ion 

d, b,  r l ,  rz, r3, r4, L, W ,  h = par t icu lar  l inear  dimensions (Fig.  2)  

k = thermal  conductivity of j th  region 
j 

(Pc,] = density-specific heat  product fo r  j th  region (volumetr ic  heat 
capacity ) 

S 
H = solar  radiation and internal  generat ion ( = q . t  Q.A .S) 

j J J J  

t = t ime 

iv 
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A SET O F  EXPERIMENTS IN,  
THERMAL SIMILITUDE 

SUMMARY 

The analysis  and r e su l t s  for two s e t s  of experiments  in  t h e r m a l  

s ca l e  modeling a r e  presented. 

plate,  cylinder,  and sphere  exchanging t h e r m a l  energy by radiation 

only. 

a r rangement .  

The prototype and model  consis t  of a 

They w e r e  located relative to one another in  a n  unsymmet r i ca l  

The experim,ental resu l t s  general ly  conf i rm the modeling ru l e s ,  

with some  exceptions in  the details, due la rge ly  to a n  a p r i o r i  a s s u m p -  

t ion made  regarding the volume. partitioning of the objects to be modeled. 



INTRODUCTION 

Previously derived scale  modeling laws [ l ]  w e r e  used a s  the basis  

The purpose  of the f o r  the design of experiments  in t h e r m a l  similitude. 

experiments  was to t e s t  the theoret ical  laws for  the t rans ien t  ca se  where  

seve ra l  bodies with geometr ical  shapes common to space vehicles ex- 

change energy solely by t h e r m a l  radiation. 

a cylinder,  and a flat plate,  w e r e  in  a par t icu lar  asymmetr ica l ,  

geometr ical  a r r angemen t  (F igu re  1). 

The th ree  bodies, a sphere ,  

Experiments  were  conducted on both a ful l -scale  prototype and a 

model, since the p r i m a r y  objective w a s  to t e s t  the scaling laws. 

ma in  overall  dimensions of the prototype w e r e  scaled a p r i o r i  by $ and 

minor  dimensions w e r e  deliberately dis tor ted to satisfy the scaling r e -  

lations.  

The 

An important secondary objective of the experiments  was  to d i s -  

cover  pract ical  difficulties i n  modeling and to develop techniques to 

overcome them. 

Analysis for  the compar ison  of the prototype and model  t e m p e r a -  

t u r e s  w a s  made on a n  IBM 7090 computer ,  and the graphs  w e r e  machine 

plotted using a St romberg-Car l son  SC 4020 plotter.  

Some modeling work done by Adkins that  is v e r y  s imi l a r  to th i s  

has  been reported in  the l i t e r a tu re  [ 21 . 
This repor t  includes two se t s  of expe r imen t s  which w e r e  conducted 

seve ra l  months apar t .  
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DESCRIPTIVE EQUATIONS 

Since the re  w a s  no conductive o r  convective heat  exchange between 

the objects,  only radiative exchange will be considered. 

ed to be exposed to external  radiation equivalent to so la r  radiation and to  

have heat  dissipated internally.  P a r t  of the objective w a s  to use the c r u -  

des t  possible physical  parti t ion of the bodies i n  o r d e r  to de te rmine  the 

l imi t s  on c rudeness  for modeling, 

presented  by a single temperature .  

the i r  t ransient  behavior under these conditions a r e  [ 31 

They a r e  a s s u m -  

Toward this end, each object i s  r e -  

The difference equations describing 

AT 4 S 
Cj = R T4 - T4) t q.  t Q.A.S, ( j = l ,  2 ,  3) (1)  

kj( k j J J J  kl, k#tj 

and 

AT 
= 0 ,  T = constant , At 4 

since T4 

nitrogen a t  a fixed tempera ture .  

represents  the chamber  wal l ,  which i s  maintained with liquid 

SCALING RELATIONS AND MODEL DESIGN 

The general  s imilar i ty  

i s  given by Eq. (4)  in  Refere,nce [ 11 

definition 

c r i t e r i a  which includes this special  c a s e  

. F r o m  this l i s t ,  with the additional 

S 
H. = q . t  @.A.S ,  j = 1 , 2 , 3 .  

J J J J  
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the  following independent se t  of scaling ra t ios  i s  obtained: 

T E.oA.T3t R .T3t H.t  1 k J J  J- 

Tk ’ j j J J  
’ C ’ C.T. C ( 3 )  

If e lectr ical  r e s i s t ance  hea te r s  a r e  used to  obtain the s imulated 

heating effects of so la r  insolation, and i f  the  space  chamber  i s  regarded 

as incorporated in  the  third ra t io  with i t s  appropr ia te  exchange coeff i -  

cient,  then the modeling rat ios  for  the problem a re  

T R .T3t q . t  A, kJ J , ~ ( j , k =  1 , . . . 9 4 ) .  
C C. T. 

Tk j J J  

( 4 )  

The detailed dimensional notation used is shown in F igure  2. 

Al l  ma jo r  external  dimensions a r e  scaled by i . 
mate r i a l s  a r e  not changed f r o m  prototype to model,  that  the radiation 

geometry  factors  remain  unchanged, that  the t empera tu res  of the model 

a t  a par t icular  t ime  a r e  equal to the corresponding prototype t empera -  

t u r e s  a t  the same t ime,  and that the thickness of the cylinder end caps  

a r e  not changed f r o m  prototype to  model. 

It i s  a s sumed  that the 

These  a p r i o r i  requi rements  

a r e  

( j  = 1,  2 ,  3)  
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.’ These  requi rements ,  together with the scaling laws [ 4 ] , impose  

geometr ic  dis tor t ion i n  the minor  dimensions.  The r e su l t s ,  summar ized  

in  Table I, w e r e  used a s  the bas i s  for  the detai led model  design. 

It is economical t o  fabr ica te  whenever possible  f r o m  standard 

However,  review of the modeling ru l e s  i n  Table I r e -  gage mater ia l .  

vea ls  that  the minor  dimension distortions ( th icknesses)  consti tute one 

of the main  a spec t s .  

average  to le rance  of +O. 005 inches,  (1. 27 x 10-4meters )  and the re  is 

often non-uniformity within a par t icu lar  s tock sheet.  To  minimize  

these  diff icul t ies ,  i t  was decided that the l a r g e r  objects (prototype) 

would be fabr ica ted  f r o m  gage stock, but that  the thicknesses  of the 

stock shee t  used  would be measured  to the sma l l e s t  possible 

tolerance p r i o r  to use.  Then, these m e a s u r e d  th icknesses  would be 

used  in  the modeling relat ions to predict  the dimensions requi red  for  

the models .  The models ,  which a r e  small, would then be fabricated 

by machining and mill ing to the tolerance of to. 001 inch ( 2 .  54 x 1 0 - h e r s ) .  

This  appeared  to be the mos t  economical approach without compromising 

the modeling laws .  

In addition, s tandard gage thicknesses  have a n  

The result ing dimensions a r e  shown i n  Table  11. 

E lec t r i ca l  r e s i s t ance  hea ters  w e r e  used  to r ep resen t  internal  

diss ipat ion and s o l a r  insolation on the plate.  The heat capacity of the 

hea te r  would upset  the modeling c r i t e r i a  i f  i t  is re la t ively l a r g e  com-  

p a r e d  to  the heat  capacity of the plate. Devices for  attaching the hea te r  

to the plate  a l so  contribute substantially to the heat capacity of the s y s -  

tem.  However, the hea te r  i n  all i ts  a spec t s  could a l s o  be modeled. It 

w a s  decided that  i t  would be bes t  to r e p r e s e n t  the plate  by two pa ra l l e l  

shee t s ,  each having equal thickness.  

between the p la tes  by carefully designed connectors ,  and the hea ter  

The hea te r  would then be mounted 
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TABLE I 

Quantity 

r 
2 

r4 

h 

'j 

d 

b 

I1 

r3 

where  

Explicit Modeling C r i t e  r i a  

Mod e U P  r o t o t yp e Remarks  

1 a p r i o r i  de te rmined  

a p r i o r i  de te rmined  

a p r i o r i  de te rmined  

1' a p r io r i ,  ma te r i a l  property 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 

1 
4 

- 

- 

- 

- 

- 

- 

a p r io r i ,  ma jo r  dimension 

a p r io r i ,  m a j o r  dimension 

a p r io r i ,  m a j o r  dimension 

a p r io r i ,  m a j o r  dimension 

*a p r io r i ,  m a j o r  dimension 

- - - - - - - - -  

distor ted (der ived)  

d is tor ted  (a p r io r i )  

d i s tor ted  (der ived)  

dis tor ted (der ived)  

1 
3 5  

k 1 =  .[Z -(?) ] , and 

1 

r 
3 
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TABLE I1 

P r o  to typ e Dimensions 

L 

w 
d 

b 

h 

r 

r 

r 

r 

1 

2 

3 

4 

Model 

Inches (Mete r s )  

14. 182 (. 3602) 

7 .854  (. 1995) 

0. 1285 (. 003264) 

0.065 (. 001651) 

3.832 (. 09733) 

2.877 (. 07307) 

I 3.000 ( .07620)  

0.701 (. 001780) 

0.982 (. 02494) 

Stock 

Inches (Meters )  

- - - - - -  - - - _ - _  
- - - - - -  - - _ _ - _  
0. 1285 (. 003264) 

0 . 0 6 4  (. 001626) 

- - - - - -  - - - - - -  
5.866 (. 1490) 

6.000 (. 1524) 

1.706 (. 04333) 

1.964 (. 04988) 

Mea s u r  ed 

Inches (Meters )  

18. 364 (. 72042) 

15.709 (. 3989) 

0 .257 (. 006528) $ 

0 .065 (. 001651) 

7. 726 (. 1962) 

5.880?(. 1493) 

- - - - - -  
1.707t( .  04336) 

Measured  

?r; - rl  was measu red  0. 120 inches (. 003048 m), r4- r3 was 

$Measured  value w a s  2d 

m e a s u r e d  0.257 inches (. 006528 m). 
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i tsel f  would have a ve ry  small charac te r i s t ic  t ime  and low heat capacity. 

The  sandwich ar rangement  w a s  to be used f o r  both the prototype and 

model. 

of the hea ters  according to  the following reasoning. 

ru l e s ,  the a r e a  of one side of the model plate would be ;I that of the p ro -  

totype. 

a r rangement  i s  used f o r  both the prototype and model ,  the heat capacity 

of the heater  will be direct ly  proportional to  the a r e a  of one side of the 

plate in both. 

that  of the prototype. 

the ra t io  q,/C,  wi l l  not be affected by the hea te r .  

R k l / C l ,  C, is scaled by 4, since d::: = d ; t h e r e  i s  a l s o  a 4 overal l  seal- 

ing of the numera tor ,  so these r a t io s  would not be affected e i ther .  It 

turned out that the sandwich construction w a s  too difficult, especially 

with regard  to  the hea ter  construction and mounting. 

w e r e  made  in  the plates.  

which were  then filled with a special  thermally conductive and electrically 

insulating cement.  Roughly speaking, the s a m e  reasoning appl ies  a s  f o r  

the intended sandwich construction, except that  in  making the grooves the 

plate ma te r i a l  was  removed before the cement  ma te r i a l  was  added. 

th i s  respec t , i t  was  to  a g r e a t  extent fortuitous that the detailed modeling 

c r i t e r i a  presented i n  Table I was  used. 

This a r rangement  would have allowed an  approximate scaling 

By the modeling 
1 

Assuming that the s a m e  hea ter  mater ia l  in the s a m e  wiring 

S o ,  the heater  heat capacity for  the model w i l l  be 4 of 

Since the internal  generation is  a l s o  scaled by 4 ,  
In all of the ra t ios  

1 1 

Therefore ,  grooves 

The wiring was routed through the grooves 

In 

Welding w a s  used to fabr icate  the cylinder and to  m a t e  hemi-  

spheres .  

capacity. 

ground to the contour of the external  su r f aces  and c a r e  w a s  taken to p r e -  

vent excessive accumulation of weld ma te r i a l  on the inside.  

The amount of ma te r i a l  in these welds contr ibutes  to the heat 

In o rde r  to  minimize e r r o r  f rom th is  s o u r c e ,  all welds w e r e  

a 



The thickness of t he rma l  coatings could contribute significantly 

to the heat  capacity,  especially in the ve ry  small models.  

was  solved by smoking the surfaces  of both prototype and mode1 with c a r -  

bon black produced by an acetylene torch.  

0. 98 to 0. 99 ,  according to measurements .  

This  problem 

Resulting emit tances  w e r e  

Another anticipated difficulty was  the c rudeness  of the volume 

parti t ion of the objects to be modeled. 

the basic  equations [ 13 (and consequently, the modeling rat ios)  r ep resen t  

the object's t he rma l  proper t ies .  On the other  hand, as the par t i t ion be-  

comes  f iner ,  the number of ra t ios  that mus t  be satisfied inc reases  r ap -  

idly and the model design becomes m o r e  complicated.  

s ible  par t i t ion was used he re ,  and i t  was anticipated that this would cause  

difficulty in  analyzing the experimental  data i f  t he re  were  l a rge  t empera -  

t u re  differences around the object. Since the sphe re  for  the f i r s t  set  of 

t e s t s  was made  of s ta inless  s tee l ,  i t  was  the object mos t  likely to exhibit 

this effect. 

The finer the parti t ion,  the c lose r  

The c rudes t  pos -  

EXPERIMENTAL APPARATUS AND PROCEDURES 

Both prototypes and models w e r e  suspended i n  the vacuum cham-  

b e r  by long, low-conductivity, small-diameter  cables  to prevent  con- 

ductive exchange between the objects and the chamber  walls. The r e c -  

tangular chamber  was 1. 524 x 1 .524  m e t e r s  in  c ross -sec t ion  and 3.658 

m e t e r s  in  length. P r e s s u r e  in  the chamber  during all experiments  was 

10-4mm Hg o r  less. 

vided a low t empera tu re  inclosure.  

occupied the same place i n  the chamber  and were  or iented in  the same 

9 

The walls were covered with cryopanels which p ro -  

In addition, both prototype and model 
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way to  minimize chamber  influence on the t e s t  objects. 

they appeared when installed in  the chamber  a r e  shown in Figure 3 .  

The models  a s  

T w o  se t s  of experiments w e r e  conducted. In the f i r s t  se t ,  s ta in-  

l e s s  s teel  spheres  and a plate with hea te r s  installed were  used. 

second set,. changes w e r e  introduced in  the sphere  to obtain a m o r e  uni- 

f o r m  temperature;  the sphere  in  which hea te r s  w e r e  installed was fab- 

r icated f rom aluminum alloy. 

In the 

The th ree  t e s t  objects had a total  of 34 thermocouples  for the 

f i r s t  s e t  of t e s t s  and 25 for  the second set .  

used to monitor the vacuum chamber  cryopanel tempera tures .  

dividual thermocouple identification number s and locations a r e  l i s ted  i n  

Table 111 and Figure  4. On Table 111, thermocouple  number 1 for the 

first experiment  and number 1 for  the second experiment  a r e  a t  the 

s a m e  location on the sphere.  

1 through 11, but not for  any thereaf te r  , F o r  example,  thermocouple  

number 13 for the f i r s t  exper iment  and number 12 for  the second a r e  a t  

the s a m e  location on the sphere.  The locations can  be seen  by re fer r ing  

to Figure 4 in which the thermocouple  numbers  r e f e r  to the f i r s t  exper i -  

ment  only. 

specified in  o rde r  to minimize  the heat  conduction through the w i r e s  and 

s t i l l  obtain adequate information on the t e m p e r a t u r e  differences on op- 

posi te  sides of the sphere and the cylinder.  

Seven thermocouples  w e r e  

The in-  

This i s  t r u e  for  thermocouple  numbers  

A minimum number of careful ly  located thermocouples  w a s  

Power loads during the power-on phase  of the exper iments  a r e  

l i s ted  in Table IV.  

10 



TABLE I11 

Individual Thermocouple Identification Numbers  and Locations 
~~ ~ 

Object 

Sphere 

Cylinder 

Flat P la te  

Thermocouple Number 
First Second 

Experiment  Exp e r  iment  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 

- -  

16 15 
17 16 
18 17 
19 
20 
21 
22  
23 18 
24 19 
25 20 
26 21 
27 22  
28 23 
29 24 
30 
31 - -  
32 25 
33 - -  
34 - -  

- -  
- -  
- -  
- -  

- -  

Note:Thermocouples 1 through 11 a r e  a t  the s a m e  location in  both experi-  
men t s .  The rea f t e r ,  the numbers  vary. F o r  example, thermocouple  #13 for 
the first experiment  and thermocouple #12 for  the second experiment  a r e  
in  the  s a m e  location on the sphere,  etc. 

11 



TABLE IV 

Obj ec  t 

P la te  

Sphere  

Cylinder 
- 

Prototype Model 

Set 1 Set 2 Set 1 Set 2 

1053 1053 264 264 

0 40 0 0 100 

0 0 

An important aspec t  of modeling in  the t ransient  c a s e  i s  the 

The t empera tu re  distribution init ial  conditions of the experiments .  

fo r  both model and prototype mus t  be the s a m e  a t  the s t a r t  of the t e s t  

( o r ,  in general ,  i f  t empera tures  a r e  sca led ,  then a n  analogous s ta te -  

ment  holds for  homologous t empera tu res  a t  z e r o  t ime) .  

a r i s e  when considering the duplication of cryopanel cool-down and hea ter  

turn-on. In o rde r  to eliminate possible  differences in individual c ryo-  

panel cool-down curves  due to different ambient  s tar t ing t empera tu res ,  

nitrogen flow ra t e s ,  and manifolding between panels ,  the following ex- 

per iment  sequence was specified and used. 

then for  both prototype and model, hea t e r s  and nitrogen for  the panels 

w e r e  activated simultaneously and the s y s t e m s  w e r e  allowed to go to 

pract ical  equilibrium. (If the hea te r s  w e r e  not a l so  activated,  the 

objects under experiment would go slowly to panel t empera tu re ,  taking 

The difficulties 

A vacuum w a s  established, 

12 
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much m o r e  t ime and possibly causing difficulty with hea te r s ,  paints ,  

and instrumentation a t  the low tempera tures  that would be obtained). 

A detailed analysis  of var ious conditions is given in  Ref .  [ 3 ] . These 

equilibrium conditions were  considered to be the init ial  conditions for  

the experiments .  Then, the actual experiment sequence was cooling 

f rom these init ial  conditions (hea ters  suddenly r 'offrr)  for  two hours ,  

then heating (hea ters  suddenly "on") for  two hours.  

of these experiments  has  the inherent advantage of eliminating o r  mini -  

mizing the init ial  conditions which a c t  as  t rans ien ts  in  the sys tem,  and 

which a r e  eventually damped out by the thermal  iner t ia  of the system. 

The periodic na ture  

RESULTS AND DISCUSSIQN 

Figures  5-16 show the experimental  resu l t s  for  the f i r s t  se t  of 

In a l l  such graphs,  t empera ture  i s  plotted as  a function experiments .  

of t ime  and each prototype and corresponding model t empera tu re  is 

plotted on the s a m e  graph. The resu l t s  for all cylinder and plate  t em-  

p e r a t u r e s  a r e  excellent,  and the model t empera tu res  would be ent i re ly  

adequate for  predicting proto'type tempera tures .  Two of the t empera -  

t u r e s  for  the sphere  (F igu res  6 and 8) a r e  acceptable,  the differences 

between prototype and corresponding model tempera tures  being less 

than 8'K. 

(F igu res  5 and 7)  a r e  not good predic tors  of the corresponding proto-  

type tempera tures .  The reason  for this i s  c lear .  One of them, the rmo-  

couple number 3 (F igu re  7) ,  is the one nea res t  the heated plate,  and the 

o ther ,  thermocouple number 1 (F igure  5) ,  is  the one far thest  away 

f r o m  the heated plate.  

together with the a symmet r i c  heating by radiation f r o m  the plate,  is not 

However, two of the model tempera tures  f o r  the sphe re  

The low conductivity of the  s ta in less  s tee l  sphere ,  

13 



consistent with the crude volume par t i t ion of the sphere.  

words,  the a p r i o r i  assumption that the model sphere  can  be designed 

using a single representat ive t empera tu re  is too crude. 

c lear ly  in  Figure 29,  i n  which all sphere  t empera tu res  a r e  plotted on 

one graph. It should be noted that all cu rves  have the proper  genera l  

shape. 

In other  

This i s  shown 

The experimental  resu l t s  f o r  the second se t  of experiments  a r e  

Here  the spheres  were  constructed of a lumi-  shown i n  Figures  17-28. 

num and had some  power dissipation in  them (Table  IV) in  an  at tempt  

to obtain more  uniform sphere  tempera tures .  

ment  w a s  obtained (compare  F igures  29 and 30).  

tu res  fo r  the sphere  may be used to  predict  the corresponding prototype 

tempera tures  with good r e su l t s ,  as  can  be s e e n  f rom Figures  17 through 

20.  The cylinder curves  (F igu res  21-24) a r e  not a s  good in  this  experi-  

ment as they were  in  the f i rs t .  Again, as  can be seen  by re ference  to  

the geometric a r rangement  (F igures ' l  and 3 ) ,  the combined heating of 

the sphere and the plate with a symmet r i c  re la t ive 1ocation.s makes  the 

as sumption of a single representat ive t empera tu re  fo r  the cylinder 

somewhat questionable (F igu res  3 1-32) although not near ly  a s  much S O  

a s  for the sphere.  In addition, and perhaps  m o r e  importantly,  the ini-  

t ia l  conditions for  the prototype and model  w e r e  not proper ly  established; 

this  is shown c lear ly  by the g raphs ,  

plate (F igures  25-28) a re  not near ly  a s  good in  the second experiment  

as in the f i rs t .  

the sam.e prototype and model plates.  Fu r the rmore ,  the r eason  for  

these apparently anomalous r e su l t s  for  plate  cannot be due to  the fact  

that the sphere was heated in  one experiment  and not i n  the other  s ince 

all tempera tures  over  the plate show this  s a m e  effect. 
14 

The expected improve-  

The model t empera -  

F u r t h e r m o r e ,  the r e su l t s  f o r  the 

This  is  surpr i s ing  s ince both s e t s  of experiments  used 

The heating - 



portion of the curves  could be explained by overheating of the models,  

but this would not. explain the cooling portion of the curves .  However, 

both heating and cooling curves can be explained by a lower emissivi ty  

fo r  the model  than the prototype. Coatings for  these w e r e  smoked-on 

carbon black, which handling removes easily,  and i t  i s  plausible that 

some  of the carbon black w a s  inadvertently removed f r o m  the model  

plate. The resu l t s  for the second set  of experiments a r e  a l so  shown 

in Tables V, VI, and VII. They a r e  self-explanatory.  

CONCLUSIONS 

1. The modeling laws a r e  generally confirmed by the experi-  

ment.  

2.  The volume partitioning used h e r e  was too crude;  the sphere  

should have been divided into a t  least  four regions. 

3 .  Elec t r ica l  res i s tance  hea ters  a r e  very  useful to s imulate  

in te rna l  energy dissipation but a r e  not entirely sat isfactory to s imulate  

incident radiation because they necessar i ly  become a p a r t  of the objects 

to  be modeled, requiring that they a l so  mus t  be modeled. 

4. Considerable c a r e  must  be used in obtaining proper  initial 

conditions i f  model  experiments a r e  to be used to predict  prototype 

t e m p e r a t u r e s  in  t ransient  ca ses  that a r e  not periodic. 

15 
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TABLE V I  

Frac t ion  of T i m e  i n  Pe rcen t  where the Difference Between the Prototype 
and Model Tempera tu res  of the Individual Thermocouple Measurements  
are  Equal t o  o r  L e s s  than 5, 10, 15, 20, and  25 Degrees  Ke1vin.t 

10 15 20 25 Thermocouple 
/5 Number 

1 

2 

3 

4 

5 

6 
7 

8 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 
20 

21 

22 

23 

24 

25 

59.2 

26. 5 

51. 0 

55 .1  

44.9 

51. 0 

51. 0 

55. 1 

53. 1 

42. 9 
2 . 0  

0 . 0  

38.8 

10.2 

6. 1 

4 .1  

4.1 

4.1 
32. 7 

42.9 

4. 1 

2.0 

44.9 

46. 9 

75. 5 

46. 9 

7 9 . 6  
73.5 

57. 1 

65. 3 

75. 5 

71. 4 

67. 3 

61. 2 

6. 1 

2. 0 

51. 0 

28. 6 

36. 7 

30. 6 

8. 2 

10.2 

46.9 

49.0 

24. 5 

2. 0 

46 .9  

46. 9 

89. 8 95.9 

63. 3 79.6 

89. 8 89 .8  

89. 8 93 .9  

69. 4 79. 6 
85. 7 89. 8 

83. 7 85. 7 

85. 7 89.  8 

87. 8 89 .8  

81. 6 89. 8 

10.2 - 14.3  

18. 4 40. 8 

55.1 57.1 

59.2 79. 6 

75 .5  93.9 

67. 3 81. 6 
32. 7 63. 3 

49.0 71. 4 

46. 9 46.9 

53. 1 59.2 

46. 9 46. 9 
2. 0 26. 5 

46. 9 57. 1 

46.9 53. 1 

98. 0 

95 .9  

93.9 

93 .9  

89. 8 

91. 8 

87. 8 

89. 8 

91. 8 

91. 8 

14. 3 

44.9 

59 .2  

95.9 

100.0 

93.9 

79. 6 
81. 6 
59.2 

83. 7 

49.0 

65. 3 

77. 6 

73. 5 

Determined f r o m  discre te  points in t ime  corresponding to data 
readout  t imes .  21 



TABLE VI1 
NUMBER BF DIFFERENCES LESS THAN 0 R  EQUAL TII 
5, 10, 15, 20, and 2 5  DEGREES KELVIN A T  VARI- 

__ _____ 

- _____ 

_ _  _ - ~ - _ _ _  

- - - - - - - 

. -. . _ _  

. - ----- 

I 1: 

140- 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 

273 
280 
290 
300 
310 

330 
340 
350 
363 
370 
380 
390 
400 
410 
420 
43G *- 
450 
460 
470 
480 

0 - 

- __ue_ 

- 

OUS TIMES 

5 10  1 5  20 25 

6 6 23  
1 4 9 

b - - _ I h . .  
13 15 17  
12  1 5  19 

8 1 4  1 8  
8 13 19 
8 12 1 6  

8 13  1 5  
9 12 1 5  

10 12 1 5  
9 11 15 
4 6 1 3  

8-- .-L4 -. .1L__ 

11 11 1 4  
8 1 2  16 

11 13  16 
11 1 4  17 

- 9 - 1 2  . 15 
11 14  15 
10 13  16 

9 14 16 
6 11 14 
0 1 4 

- 4-- 7 .. 9 
5 6 6 
5 8 8 
5 7 11 
6 8 10 
6 8 12 

6- __  - B 12 
6 8 1 3  
5 7 1 3  
6 8 1 3  
6 8 14 
5 10 11 

23 23 
11 17 

19 2 1  
18 25 
20 22 
23 21 

__ -19 11 
18 2 1  
17 21  
19 23 
19 20 
18 2 2 

- -6 ___ 
6 

10 
7 
7 

10 
-1Q - 

5 
11 
11 
10 

1 0  1 2 _ _  
11 14 
11 14 
11 15 
13  1 7  
1 3  17  
u - . . - A I L  
16 1 7  
14 17  
14  17 
14 1 7  

._lh- .. 21 
18 21  
18 18 
18 19 
17 17 
17 17 

. 17 17 
17 17 
17 17 
18 18 
16 16 
9 13 

- 11 1 3  
9 12 

11 14 
15 17  
16 18 
16 18 

_ - 1 7  19 
17 19 
15 18 
16 19 
17  19 
16 2 1  

---14-- - 1 4  
17  20 
18 19 
17 19  
17 2 1  
17 2 1  

23 23  
17 2 1  
17 22  
17 2 1  

-.lZ ---a- 

. ... 

_. -. . 

- -  . - -. ._ . . . . . . .. - -  - .- .. - . 

22 
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Figure 1 - Geometric Arrangement. Numbers shown a r e  based on outside 
dimensions of sphere's radius. Coordinate system shown is 
centered at  base of cylinder. 
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Figure  2 - Dimensional Notation-Numerical Values Given in  Table  I1 
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No. 1 (F i r s t  Experiment) 
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Figure 6 - Temperature-Time, Prototype and Model Sphere, Thermocouple 
No, 2 (F i r s t  Experiment) 
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Figure 7 - Temperature-Time, Prototype and Model Sphere, Thermocouple 
No, 3 (First Experiment) 
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Figure 9 - Temperature-Time, Prototype and Model Cylinder, Thermocouple 
No. 17  (F i r s t  Ekperiment) 
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Figure 10 - Temperature-Time, Prototype and Model Cylinder, Thermocouple 
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Figure 11 - Temperature-Time, P r o r o t w e  and Model Cylinder, Thermocouple 
No. 22 ( F i r s t  Experiment) 
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Figure 12  - Temperature-Time, Prototype and Model Cylinder, Thermocouple 
No. 24 (First Experiment) 35 
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Figure 13 - Temperature-Time, Prototype and Model Plate, Thermocouple 
No. 25 ( F i r s t  Experiment) 
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Figure 14 - Temperature-Time, Prototype and Model Plate, Thermocouple 
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Figure 15 - Temperature-Time, Prototype and Model Plate,  Thermocouple 
No. 29 ( F i r s t  Experiment) 

38 



' Prototype 36G670  
G I 2  012 . Model 

1 
E 
U 
P 
E 
R 
A 
1 
U 
R 
E 

I 
N 

0 
E 
c 
R 
E 
E 
S 

K 
E 
L 
V 
I 
N 

T I M E  ( I N  M I N U T E S 1  

Figure 16 - Temperature-Time, Prototype and Model Plate, Thermocouple 
No. 32 (First Experiment) 39 



1 
E 
N 
P 
E 
R 
A 
T 
U 
R 
E 

I 
N 

o 
E 
C 
R 
E 
E 
s 

ti 
E 
L 
V 
I 
N 

1 

400 

440 

400 

3ul  

3LO 

LOO 

t 4 0  

t o o  

IO0 

180 

T I M E  ( I N  MINUTE11  

Figure 17 - Temperature-Time, Prototype and Model Sphere, Thermocouple 
No. 1 (Second Experiment) 
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Figure 18 - Temperature-Time, Prototype and Model Sphere, Thermocouple 
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Figure 19 - Temperature-Time, Prototype and Sphere, Thermocouple 
No. 3 (Second Experiment) 
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Figure 20 - Temperature-Time, Prototype and Model Sphere, Thermocouple 
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Figure 21 - Temperature-Time, Prototype and Model Cylinder, Thermocouple 
No. 16 (Second Experiment) 
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Figure 22 - Temperature-Time, Prototype and Model Cylinder, Thermocouple 
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Figure 23 - Temperature-Time, Prototype and Model Cylinder, Thermocouple 
No. 18 (Second Experiment) 
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Figure 24 - Temperature-Time, Prototype and Model Cylinder, Thermocouple 
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Figure 25 - Temperature-Time, Prototype and Model Plate,  Thermocouple 
No. 20 (Second Experiment) 
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Figure 26 - Temperature-Time, Prototype and Model Plate,  Thermocouple 

No. 22 (Second Experiment) 
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Figure 27 - Temperature-Time, Prototype and Model Plate,  Thermocouple 
No. 24 (Second Experiment) 
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Figure 28 - Temperature-Time, Prototype and Model Plate, Thermocouple 
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Figure 29 - Temperatures for Prototype Sphere for First Experiment 
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Figure 30 - Temperatures  for Prototype Sphere for Second Experiment 
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Figure 31 - Temperatures  for  Prorotype Cylinder for First Experiment 
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Figure 32 - Temperatures for Prototype Cylinder for Second Experiment 
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